Introduction 55
Wind-borne mineral aerosol (here referred to as 'dust') influences global climate directly and 56 indirectly through diverse physical and biogeochemical processes and is therefore considered 57 a major component of the climate system [Harrison et al., 2001; Tegen, 2003] . Dust particles 58 affect the radiation budget through scattering and absorption of incoming solar and outgoing 59 infrared radiation [Tegen and Lacis, 1996; Liao and Seinfeld, 1998 ], and by altering cloud 60 optical properties, amounts and lifetimes [Albrecht, 1989; Yin et al., 2002; Andreae and 61 Rosenfeld, 2008] . Furthermore, airborne mineral dust provides micronutrients (e.g. iron, 62 silica) to marine and terrestrial ecosystems [Martin, 1990; Duce and Tindale, 1991; Falkowski 63 et al., 1998 ], thereby affecting productivity, influencing the carbon cycle, and eventually 64 atmospheric greenhouse gas content [Archer et al., 1998; Mahowald et al., 2005] . composition of dust transported to Greenland in cold periods is influenced by remote sources 100 like the Gobi or Sahara deserts. A model simulation by Werner et al. [2002] suggests that a 101 combination of Caspian Sea-Asian sources accounted for 42% of the total central Greenland 102 dust flux during the LGM, but they emphasize that other sources could also make a significant 103 contribution to the Greenland dust deposition. At the same time, Aleinikoff et al. [2008] raise 104 the possibility of North American dust transport to Greenland based on Pb isotopic data of 105 detrital K-feldspars from loess. Model simulations by Mahowald et al. [2006] suggest that 106 most of the dust deposited at Greenland could come from sources in the continental U.S.,
107
Alaska or Siberia, while in their most recent study, Mahowald et al. [2011] Northern Hemisphere (Table S1 ) and compare them to existing LGM Greenland ice core dust 117 data (see Fig. 1 for position of new and published samples used in the analysis). Based on this 118 new data and the published evidence we demonstrate that there are two equally plausible 119 explanations for the origin of last glacial mineral dust recovered from the GISP2/GRIP ice 120 cores. We emphasize that currently no unique source discrimination is possible using both the (K/C) ratio [Biscaye, 1965] , which is an indication of the relative intensities of chemical to 138 physical weathering processes. In a tropical climate we would expect the K/C ratio to be >1-2
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139
[ Scheuvens et al., 2013] , whereas in a boreal climate it is <0.5-1 [Griffin et al., 1968] .
140
Beyond latitude-indicating species, any source area has a characteristic spectrum of clay 141 minerals, partly reflecting local lithology, climate and drainage characteristics. Source area 142 discrimination is therefore a matter of comparing relative abundances of an entire suite of 143 minerals, some of which may be diagnostic, while others are conversely too common across 144 possible source areas and thus non-characteristic [Biscaye et al., 1997] .
145
In our combined new and literature-based dataset, the K/C ratios of European and Alaskan
146
loess deposits, and some Chinese loess samples overlap with those of last glacial Greenland 147 dust Fig. 2) . Only N-American PSAs exhibit much higher K/C ratios (>3.6; Table   148 S2), primarily because of extremely low chlorite contents found in Nebraska loess. ratios do not seem to be affected by weak acetic acid leaching (Table S3) .
and samples [Patchett et al., 1984; Pettke et al., 2002; van de Flierdt et al., 2007; Lupker et al., 307 2010; Rickli et al., 2010; Garcon et al., 2013; Chauvel et al., 2014] .
626
Isotopic data of desert sand regions A, B, and C are from Chen et al. [2007] .
LGM sediments
627
(W of Africa) and Saharan dust data originate from Grousset et al. [1988 Grousset et al. [ , 1992 Grousset et al. [ , 1998 ]. 
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This Supporting Information file contains a detailed description of samples, sampling strategies, and the applied procedures of XRD measurements as well as Sr-Nd-Hf isotopic analyses performed at the University of Vienna, Royal Holloway University of London, and the University of Leeds (Text S1). End-member compositions (shown in Fig. 3a,b) and mixing calculations are also specified in Text S1. Figure S1 displays the particle size distributions of size separates of five randomly selected loess samples, as determined by laser diffraction. Table S1 provides details on loess sampling sites, sample depths and approximate ages. Table S2 give information on the clay mineralogical compositions of potential source area samples (PSAs) investigated in this study, as determined from the XRD spectra. Finally, Sr-Nd-Hf isotopic compositions of PSAs, as measured by TIMS and MC-ICP-MS in the three different labs mentioned above, are given in Table S3 .
Text S1.
Loess deposits are accumulations of both coarse and fine dust blown out from alluvial fans/floodplains of large river systems [Smalley et al., 2009; Stevens et al., 2013; Újvári et al., 2013; Nie et al., 2015] or deserts [Sun, 2002; Yang and Ding, 2008; Lu et al., 2011] , and provide an averaged composition of continental crust [Taylor et al., 1983] . Loess deposits are made up of minerals originating from major dust emitting regions of glacial age and are also considered as potential Greenland dust source area samples in this study. Loess samples were collected at several locations around the Northern Hemisphere from North America to Asia (Table  S1 ). The sampling strategy focused on collecting loess deposited at about the time of the LGM (~19-26 ka) [Clark et al., 2009] , the stratigraphic position of which we determined at each site using previously published radiocarbon and recent luminescence dating datasets (Table S1 ). All samples were taken from cleaned profiles. Before mineralogical analyses, clay fractions (<2 μm) of loess samples were separated by sedimentation after removal of carbonates by leaching in 10% acetic acid. XRD measurements were then undertaken using a Philips PW 1710 diffractometer with CuKα radiation at 45 kV and 35 mA. Clay minerals were identified using XRD diagrams obtained from parallel-oriented specimens mounted on glass slides. All the calculations of clay mineral compositions from the XRD spectra strictly followed the semi-quantitative approach of Svensson et al. [2000] , enabling a direct comparison of the PSAs' clay mineralogical compositions with those of ice core dust. Errors on reported clay mineral compositions are ~±10%. Prior to Sr-Nd-Hf isotopic analyses, all samples were size-separated in distilled water (without adding chemical dispersant) according to Stokes Law to approximate the grain size of fine dust in ice cores, thereby excluding grain size effects on Sr isotopic ratios [Dasch, 1969; Grousset and Biscaye, 2005; Feng et al., 2009; Meyer et al., 2011; Újvári et al., 2012] . Grain size distributions of some of these fine separates were checked using a Malvern Mastersizer 3000 laser particle analyzer and the distributions have modes at ~3-4 μm (Fig. S1) , with some particles up to ~10 μm. For this reason we denote the fine separates as <10 μm fractions throughout in the paper. After size separations carbonates were removed by leaching in weak acetic acid (0.5 mol/L) at room temperature for 8 h [Biscaye et al., 1997; Chen et al., 2007; Újvári et al., 2012] . Secondary carbonates that are abundant in loess have lower 87 Sr/ 86 Sr isotopic ratios [Capo et al., 1998 ] and can mask the signature of the aluminosilicate fraction which was analyzed in ice core dust samples [Svensson et al., 2000] Hf isotope ratios, three samples (Bei-L1, Nus-LPG and Jud) were subjected to isotopic analyses before and after acid leaching. These samples were analyzed for Sr, Nd and Hf isotope compositions in the Geochemistry Laboratory, Royal Holloway University of London (RHUL), and the University of Leeds. These measurements also served to cross-check the Sr-Nd isotopic ratios determined on acetic acid treated size separates of PSA samples in the Laboratory of Geochronology, Department of Lithospheric Research, University of Vienna (UV). The procedures of isotopic analyses in these three labs were the following: For Sr-Nd isotopic analyses in Vienna, 20 mg of each PSA sample (<10 µm fractions) was digested in tightly screwed Savillex beakers using an ultrapure mixture of HF: HNO3 (4:1) for 2 weeks at 100-120 °C on a hot plate. Acid evaporation treatment of the residue with concentrated HNO3 and 6 N HCl resulted in clear solutions. Element extraction (Sr, REE) was performed using AG 50W-X8 (200-400 mesh, Bio-Rad) resin and 2.5 N and 4.0 N HCl as eluents. Nd was separated from the REEs using teflon-coated HdEHP and 0.24 N HCl as eluent. Total procedural blanks were <1 ng for Sr and 50 pg for Nd, and are considered negligible. The pure element fractions were evaporated using a Re double filament assembly and run in static mode on a Thermo-Finnigan For Sr-Nd-Hf isotopic analyses at RHUL, approximately 50 mg of sample was weighed into Savillex beakers and digested in sub boiled HF:HNO3 (4:1) for 48 hours. Whilst there was some evidence of graphite within the dissolved sample there was no sign of residual zircon. Samples were dried down and converted to nitric through the addition of concentrated HNO3. Sr was extracted using Sr spec resin, with the Sr collection passed back through the resin to ensure good separation from Rb. Elutions were collected, evaporated and converted to HCl. These HCl fractions were passed through cation columns to separate Hf and LREE. Hf fractions were passed through LN columns under HCl-HF mixture to ensure good separation of Fe, Ti and Zr. LREE fractions were passed through LN columns under HCl to separate Nd from other LREE. Hf isotopes were determined using a VG IsoProbe MC-ICP-MS using a static analysis. JMC 475 (91ppb) standard run alongside the samples gave a mean value of 0.282184±0.000004 (n=3) within error of the long-term mean of 0.282180±0.000016 (n=30). Sr and Nd isotopes were analyzed on an Isotopx Phoenix TIMS using the multidynamic procedures of Thirlwall, [1991a,b] . Sr was loaded onto single Re filaments using a TaCl emitter. SRM987 (100ng) analyzed alongside the samples gave a value of 0.710234±0.000007, within error of the long-term mean of 0.710232±0.000010 (n=108). Nd was run as a metal (Nd + ) loaded onto Re side filaments using 1μl H3PO4 and loaded as a Re-Re-Ta triple filament assembly. Aldrich (200ng) analyzed alongside samples gave 0.511403±0.000003, within error of the long-term mean of 0.511407±0.000002 (n=39). Several samples were also analyzed for Nd + on the Thermo-Finnigan Triton TI TIMS at the University of Figure S1 . Particle size distributions of five randomly chosen loess grain size separates. For sample codes see Table S1 . NdCHUR=0.512630±0.000011 e Errors of ɛNd (0) were propagated as
